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Hsp90 (heat shock protein 90) is an ATP-dependent mole-
cular chaperone regulated by collaborating proteins called
cochaperones. This machinery is involved in the conformational
activation of client proteins like signaling kinases, transcription
factors, or ribonucleoproteins (RNP) such as telomerase. TPR
(TetratricoPeptide Repeat)-containing protein associated with
Hsp90 (Tah1) and protein interacting with Hsp90 (Pih1) have
been identified in Saccharomyces cerevisiae as two Hsp90
cochaperones involved in chromatin remodeling complexes and
small nucleolar RNP maturation. Tah1 possesses a minimal TPR
domain and binds specifically to the Hsp90 C terminus, whereas
Pih1 displays no homology to other protein motifs and has been
involved in core RNP protein interaction. While Pih1 alone was
unstable and was degraded from its N terminus, we showed that
Pih1 and Tah1 form a stable heterodimeric complex that regu-
lates Hsp90 ATPase activity. We used different biophysical
approaches such as analytical ultracentrifugation, microcalo-
rimetry, and noncovalent mass spectrometry to characterize the
Pih1-Tah1 complex and its interaction with Hsp90. We showed
that the Pih1-Tahl heterodimer binds to Hsp90 with a similar
affinity and the same stoichiometry as Tah1 alone. However, the
Pih1-Tahl complex antagonizes Tahl activity on Hsp90 and
inhibits the chaperone ATPase activity. We further identified
the region within Pih1 responsible for interaction with Tahl
and inhibition of Hsp90, allowing us to suggest an interaction
model for the Pih1-Tah1/Hsp90 complex. These results, to-
gether with previous reports, suggest a role for the Pih1-Tahl
cochaperone complex in the recruitment of client proteins such
as core RNP proteins to Hsp90.
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Heat shock proteins (Hsps)® or molecular chaperones were
originally described as proteins with elevated expression levels
under stress conditions such as a heat shock (1, 2). Many Hsps
can act as complexes that correct the structures of misfolded or
aggregated proteins (3, 4). Hsp90 is a particular molecular
chaperone as the protein only binds to substrate proteins,
which are in a late stage of folding and thus in a near-native
conformation (5). Hsp90 is also essential for activating many
signaling proteins such as kinases and hormone receptors in the
eukaryotic cell under non-stress conditions (6, 7). Specificity
toward such proteins (also called client proteins) is brought
about by cochaperones, which interact with Hsp90 and regulate
the chaperone cycle, leading to a complex containing Hsp90,
the cochaperones, and the client protein (8, 9). Hsp90 functions
as an ATP-dependent dimeric protein, which consists of three
domains: a N-terminal domain (N) responsible for ATP bind-
ing, a middle domain (M) involved in cofactor/client binding
and ATP hydrolysis, and a C-terminal domain (C) essential for
dimerization, which is needed for Hsp90 activity (10). In this
study, we worked with the Hsp90 homologue Hsp82, which is
the stress-induced form in Saccharomyces cerevisiae (referred
to as Hsp90 hereafter).

Yeast proteins Tah1 (111 residues, YCR060W) and Pih1 (344
residues, also named Nop17, YHR034C) have been identified as
Hsp90-interacting cochaperones in three independent studies by
two-hybrid screen or physical and genetic interaction screens (11—
13). The C-terminal region of Tahl (residues 75-11) has been
shown to bind to Pih1 (14). So far, Pihl is a protein of unknown
function and may play a role in protein folding and/or rRNA pro-
cessing by interacting with Hsp90, two chromatin-remodeling fac-
tors (Rvb1p, Rvb2p) and two rRNA-processing factors (Rrp43p,
Nop58p) (11, 15). A protein similar to Pih1 has recently been iden-
tified in human (16) and homolog candidate molecules for Tah1l
exist in Drosophila (termed Spaghetti, CG13570) and human
(FLJ21908) as well (17). Whereas Tahl contains a single TPR
domain (TetratricoPeptide Repeat) with at least two TPR motifs
(11), Pih1 has no known motifs. Pih1 alone is labile in vivo and in
vitro, but is stabilized by Hsp90 together with Tah1 (14).

Numerous TPR domains have been characterized and struc-
tures are available in the Protein Data Bank. These domains are

8 The abbreviations used are: Hsps, heat shock proteins; RNP, ribonucleopro-
teins; TPR, tetratricopeptide repeat; ITC, isothermal titration calorimetry.
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responsible for protein-protein interactions. The TPR domains
of Hsp90 cochaperones bind to the C-terminal residues EEVD
of the Hsp90 as observed for Tahl (18). Tahl is specific for
Hsp90 and binds as a monomer to the MEEVD motif of each
Hsp90 subunit. Tah1 weakly stimulates the ATPase activity
of Hsp90 (18). The latter activity coupled to conformational
changes in Hsp90 and interactions with cochaperones facili-
tates activation of the Hsp90 diverse clientele.

To understand how Hsp90 acts on its clients, it is necessary
to elucidate how cochaperones modify Hsp90 activity. Here, we
present a biophysical and structural characterization of yeast
Tahl and Pih1 proteins, two Hsp90 cochaperones. These stud-
ies required large amounts of each protein. As Pih1 expression
and stability seems to be puzzling (14), we developed a recom-
binant system based on multiple gene co-expression in Esche-
richia coli to produce a stable Pih1-Tahl complex. A new
multicistronic vector system (pKHS) that allows shuffling of
multiple inserts by classic restriction and ligation techniques
starting from a single set of vectors was employed to produce
the Pih1-Tahl complex at the milligram scale. Using a combi-
nation of biophysical techniques including analytical ultracen-
trifugation, microcalorimetry, and noncovalent mass spec-
trometry, binding stoichiometries, and oligomerization states
of Tah1/Hsp90 and Pih1-Tah1/Hsp90 complexes were deter-
mined. A minimal interaction region between Pihl and Tahl
was identified and the ability of the Pih1-Tahl complex to reg-
ulate Hsp90 ATPase activity was investigated. Altogether our
data allowed us to propose a protein interaction model for Pih1,
Tahl, and Hsp90.

EXPERIMENTAL PROCEDURES

Vector pKHS Construction—The vector pKHS (kanamycin
resistance) was constructed from the commercial pET28
expression plasmid (Novagen) (supplemental Fig. S1A). After
Xbal and HindIII digestion, the extremities were blunted by the
Klenow fragment and the vector was recircularized. The Xbal
site is restored while the HindIII site is destroyed. The cloning
cassette inserted into the Notl site was constructed with
the primers: 5'-GGCCGCCCACCATCACCATCACCAT-
TAGTGGAGCCACCCGCAGTTCGAAAAATAATT-3' and
5'-GGCCAATTATTTTTCGAACTGCGGGTGGCTCCACT-
AATGGTGATGGTGATGGTGGGC-3" and code for a six-
histidine tag and the eight amino acids of the strep tag (19)
separated by a suppressible stop codon. A unique NotlI site is
reconstituted in 5" of the cassette and will be used for the clon-
ing steps, while the NotI site in 3’ of the cassette is destroyed by
insertion of an ORF.

Characteristics of the PCR Products—A single PCR product is
synthesized for the cloning of a target gene in all of the positions
in a polycistron. The restriction enzyme couple Eagl and Notl is
used for the preparation of all the different PCR products, with
the possibility of replacing Eagl with PspOMI or Eael if neces-
sary. The 5’ primer 5'-TTTTCGGCCGATTAATTTAAG-
AAGGAGATATATATATGNNNNNNNNNNNN-3' used for
the PCR amplification of all the genes encodes for a start codon
followed by specific codons from the target gene. Upstream is
an Eagl restriction site (or PspOMI or Eael sites) and a stop
codon that is required for the upstream ORF in the polycis-
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tronic cloning. The rbs sequence of the pET series vector is
positioned 8 base pairs before the start codon. The 3’ primer is
simply composed of a coding sequence specific for the target
gene followed by a Notl restriction site.

Cloning of tahl, pihl, and pihl-tahl and Apihl-tahl into
pKHS—The genes pihl and tahl were subcloned separately
and together into the vector pKHS by introducing 3’ and 5’ Eagl
restriction sites by PCR as described above. The genes APihl
(residues 1-185 were omitted) and takl were subcloned
together into pKHS. After restriction the resulting DNA frag-
ments were ligated with the pre-cut vector. All further con-
structs were produced by Eagl and Notl restriction of the
appropriate inserts and recipient plasmids, respectively, fol-
lowed by standard ligation procedures. One Shot MAX Effi-
ciency DH5a-T1¥ cells (Invitrogen) were transformed with the
ligation mix according to the manufacturer’s instructions. Cells
containing plasmids were selected by plating on LB agar with
kanamycin or ampicillin. The his tag (pKHS) is maintained in-
frame with the last gene of the polycistron which is tahl in
pihl-tahl and Apihl(186-347)-tahl. A cleavage site for TEV
was added to the 3’-end of the gene Apihl(186-347)-tahl to
eliminate the His, tag during purification leading to the pres-
ence of 8 additional residues.

Protein Production and Mass Determination by Gel Filtration—
E. coli strains BL21 STAR (DE3) (Invitrogen) harboring the
pKHS plasmids were used for co-expression and purification.
Cells were grown at 37 °C in LB broth, containing the appropri-
ate antibiotic, to an A, of 0.8. Expression was then induced by
addition of 0.5 mM IPTG, and growth continued for 4 hat 25 °C.
Subsequently, cells were harvested, resuspended in buffer A (25
mM Tris pH 7.5, 10 mm imidazole, 300 mm NaCl) and disinte-
grated by sonication. Centrifugation at 50,000 X gfor 1hat4 °C
with subsequent filtration (Express PLUS 0.22 um, Millipore)
yielded cleared supernatant (cytosolic fraction). Cytosol was
applied to a Ni-NTA-agarose column (10-ml bed volume).
After washing with buffer A, buffer A supplemented with 300
mM imidazole was used for elution. Fractions containing the
protein of interest were pooled and concentrated to 10 ml in a
Vivaspin concentrator (Vivascience). Following gel-filtration
chromatography separation on Superdex 75 or 200 26/60 col-
umn (GE Healthcare) equilibrated in 25 mm Tris buffer pH 7.5
containing 150 mM NaCl, protein containing fractions were
pooled, concentrated as before, and stored at —80 °C. The His-
tagged yeast Hsp90 and the Hsp90 MC (lacking the N-terminal
domain) were purified as described previously (20). The typical
yield was 8 mg of Tahl and 13 mg of Pih1-Tahl complex per
liter of the corresponding culture.

Relative Molecular Mass (M,) and Stokes Radius (Rs) Deter-
mination by Gel Filtration—Superdex 200 26/60 (GE Health-
care) gel-filtration chromatography was calibrated using the
gel-filtration standards from GE Healthcare (aprotinin, M,
6500; ribonuclease A, M, 13,700, Rs 1.64 10~° m; carbonic
anhydrase, M, 29,000, Rs 2.5 10~° m; ovalbumin, M, 43,000, Rs
3.05 10~° m; conalbumin, M, 75,000, Rs 4.04 10~° m; aldolase,
M, 158,000, Rs 4.81 10~ m; ferritin, M, 444,000, Rs 6.1 10~ m;
thyroglobulin, M, 669,000, Rs 8.5 10~° m; blue dextran 2000;
M, 2,000,000). The relative molecular mass and Stokes radius

JOURNAL OF BIOLOGICAL CHEMISTRY 31305


http://www.jbc.org/cgi/content/full/M110.138263/DC1

Pih1-Tah1-Hsp90 Complex

of Tahl and Pih1-Tahl were determined by logarithmic
interpolation.

Matrix-assisted Laser Desorption/Ionization Time-of-flight
Mass Spectrometry (MS) Analysis—Stained protein bands from
the SDS-PAGE gel were excised and washed with 25 mm
NH,CO,. In-gel tryptic digestion was performed following the
standard protocol (21). Mass spectra were recorded in positive
reflectron mode with a matrix-assisted laser desorption/ioniza-
tion time-of-flight MALDI-TOF/TOF 4800 mass spectrometer
(Applied Biosystem) using a-cyano-4-hydroxycinnamic acid
(Sigma) as a matrix. Close calibration was performed using
angiotensin I ((M+H]™", 1296.68) and adrenocorticotropic hor-
mone 18-39 ([M+H]", 2465.20). Mass tolerance was set to
15 ppm.

Analytical Ultracentrifugation: Sedimentation Velocity—
Sedimentation velocity experiments with 86 um Tahl and 14
uM Pih1-Tahl complex were carried using a Beckman Optima
XLA ultracentrifuge equipped with an AN 60Ti four-hole rotor
and cells with two-channel 12-mm path length centerpieces.
Measurements were made at 40,000 rpm and 55,000 rpm for
Pih1-Tahl and Tahl, respectively, both at 15 °C. The Sednterp
software was used to estimate the partial specific volumes from
the amino acid composition of Tahl (0.7244 cm®g ') and
Pih1-Tah1 (0.7329 cm®g ') at 15 °C, as well the density (p =
1.00532 g/cm?) and viscosity (n = 1.155 cP) of the buffer used.
Sedimentation coefficient continuous c(S) distributions were
determined using the Sedfit software (22).

Affinity and Stoichiometry Determination by ITC (Isothermal
Titration Calorimetry)—The titration experiments were per-
formed at 20 °C on a MicroCal ITC200 calorimeter (North-
ampton, MA) by injecting Hsp90 or Hsp90 MC with concen-
tration ranging from 120 to 300 um in the microcalorimeter cell
(0.2 ml) containing Tahl or Tahl-Pihl with concentration
ranging from 10 to 50 um. 28 injections of 10 ul were performed
at intervals of 180 s while stirring at 1000 rpm. The experimen-
tal data were fitted to a theoretical titration curve with software
supplied by MicroCal (ORIGIN®). This software uses the rela-
tionship between the heat generated by each injection and AH
(enthalpy change in kcal'mol™"), K, (the association binding
constant in M~ '), # (the number of binding sites), total protein
concentration, and free and total ligand concentrations (23).

Noncovalent NanoESI-MS Experiments—Before mass spec-
trometry experiments, protein buffer was exchanged against
150 mM ammonium acetate buffer pH 7.5 using microcentri-
fuge gel-filtration columns (Zeba 0.5 ml, Thermo Scientific,
Rockford, IL). Protein concentrations were determined
spectrophotometrically.

Mass spectrometry experiments were performed on two instru-
ments operating in the positive ion mode. An electrospray time-
of-flight mass spectrometer (LCT, Waters, Manchester, UK)
equipped with an automated chip-based nanoESI source (Triversa
Nanomate, Advion Biosciences, Ithaca, NY) was used to analyze
the Pih1-Tahl and APih1-Tahl complexes and the titration of
Hsp90 with these two complexes. A hybrid quadrupole/ion mobil-
ity separator/time-of-flight instrument (Synapt HDMS, Waters,
Manchester, UK) was used to perform titration of Hsp90 with
Tahl. In this case samples were loaded into 4-um i.d. PicoTip
nanospray emitters (New Objective, Woburn, MA) and directly
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infused. External calibration was performed with the multiply
charged ions produced by 2 uM horse heart myoglobin diluted in
1:1 (v/v) water/acetonitrile acidified with 1% (v/v) formic acid or
using the singly charged ions produced by a 3 mg/ml solution of
caesium iodide in 2-propanol/water (1/1). Mass measurements
under denaturing conditions were carried out by diluting samples
to 2 uM in water/acetonitrile/formic acid (50:50:1) with Vc = 40 V
and P; = 1.1 mbar.

Experiments under nondenaturing conditions were realized
in 150 mM ammonium acetate buffer at pH 7.5. Optimal accel-
erating voltages were applied to the sample cone (Vc) and a
well-adapted pressure in the interface (P;) was used. This
allowed the fragile noncovalent assemblies to be transferred
from the solution to the gas phase while remaining intact and at
the same time achieved efficient ion desolvation and ion trans-
mission through the mass spectrometer (24). P, and Vc values
are reported in figures legends. Data analysis and MaxEnt 1
deconvoluted spectra were performed with MassLynx 3.5
(Waters, Manchester, UK).

Hsp90 ATPase Activity Assays—The Hsp90 ATPase activity
assays were performed as previously described (25), with
slightly modified conditions using 50 mm Tris-HCI buffer pH
7.5, KCI 50 mm and 3 mm MgCl,. To avoid Pih1-Tah1 precipi-
tation the experiments were carried out at 25 °C on a UVIKON
XS spectrophotometer. Hsp90 activity measurements were car-
ried out using 5 uM Hsp90 and background ATPase activity was
determined by the addition of 15 uM of geldanamycin (Sigma).
Hsp70 (Stressgen) ATPase activity measurements were carried
out using 2 uMm enzyme, and background activity was deter-
mined before Hsp70 addition (26). The cochaperones Pihl-
Tah1, APih1-Tahl, and Tah1, as well as the AGT-gp45 control
complex (27) were added as indicated. All measurements were
repeated three to six times.

RESULTS

Tahl, Pihl, and Pihl-Tahl Protein Complex Expression
using the pKHS Vector—The pKHS system uses a single pair of
restriction enzymes common for all the genes to be cloned
along the polycistron (see supplemental methods and Fig. S1).
Two constructs for the expression of yeast pihl(1-344) and
tahl(1-111) were realized as well as the two bicistrons pihl-
tahl and Apihl(186 -344)-tahl. All these constructs were effi-
ciently expressed in E. coli host cells. The pKHS His-tagged
yeast Pih1 (called Pih1-His, throughout the text) is a protein of
353 residues. The His-tagged yeast Tah1 (called Tah1 through-
out the text) consists of 119 amino acids. The yeast pKHS Pih1-
Tah1 complex bearing a histidine tag on Tahl (named Pih1-
Tah1 throughout the text) is composed of 347 and 119 residues
for Pihl and Tahl respectively. Finally, the truncated yeast
Pih1(186-344)-Tahl complex (named APihl-Tahl through-
out the text) obtained after the His-tag cleavage of Tahl is
formed by 161 and 118 residues for APihl and Tahl, respec-
tively. The expected masses of each protein or complex are
summarized in Table 1.

Pihl Is Highly Degraded in Its N-terminal Region—SDS-
PAGE analysis of the purified Pih1-His, (Fig. 14) showed the
presence of four main bands that were further submitted
to protein identification by MALDI-TOF peptide mass finger-
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printing. The upper band (band 1) at ~40 kDa corresponds to
full-length Pih1-His,. Bands 2 and 3 that migrate at ~19 kDa
and band 4 with an apparent molecular mass of 13 kDa were
attributed to Pih1-His, degradation products. The identified
sequence covers a C-terminal region of Pih1-His starting from
either residue 189 (bands 2 and 3) or residue 234 (band 4). After
concentration and storage at —80 °C, the same Pih1-His, was
also analyzed by electrospray ionization mass spectrometry
(ESI-MS) in classical denaturing conditions (Fig. 1B). Two spe-
cies were detected: a minor species at 19,151.6 = 0.3 Da, which
corresponds to the truncated 186-Cter Pih1-His, (theoretical
molecular mass, 19,151.6 Da) probably related to band 2 in Fig.
1A and a major species at 17,670.0 = 0.4 Da corresponding to
an even shorter form of Pih1-His, (199-Cter, see band 3 in Fig.
1A). No full-length protein was then detected by ESI-MS, prob-
ably due to its low stability.

Tahl Is Stable and Monomeric—The purified Tahl had an
apparent molecular mass of 13 kDa by SDS-PAGE close to its
calculated mass (data not shown). On gel filtration, Tahl
migrated as a single peak corresponding to a protein with a

TABLE 1
Measured molecular weights in denaturing conditions

Protein or Measured Mass
Complex Expected | in denaturating
analyzed Name | Symbol | Mass (Da) | conditions (Da) | Sequence detail
Pih1-Hise 40 555.4 ND Pih1(1-344)-AAAHHHHHH
Pihl-Hiss | APihl ') 19151.6 | 19151.6+0.3 |Pih1(186-344)-AAAHHHHHH ©
Pih1 pini - 17669.9 | 17 670.0+0.4 |Pih1(199-344)-AAAHHHHHH ©
Tahl Tahl o 13416.0 | 13416.1+0.2 |Tahl(2-111)-AAAHHHHHH
Pihl-Tahl | Pilil O | 396454 | 39645804 |Pihl(2-344)-AAD
complex Tahl o 13416.0 | 13416.0+0.1 |Tahl(2-111)-AAAHHHHHH
APihI- APihl O 18372.8 | 18372.5+0.1 |Pih1(186-344)-AAD
Tahl Pihlpini | = 16891.1 | 16891.6+0.4 |Pih1(199-344)-AAD ®
complex: |7 o | 133189 | 133193404 |Tahl(2-111)-SGENLYFQ
Hsp90 0 82 718.7 | 82723.6+1.7 | MRGSHHHHHHG-Hsp90(1-709)
Hep30 Hsp90giuco 82896.7 | 82903.1+2.5 |[MRGSHHHHHHG-Hsp90(1-709) ©

ND, not detected.

@ Degradation product of Pih1(1-344)-AAAHHHHHH.
®) Degradation product of Pih1(186-344)-AAD.

(© Gluconoylation of MRGSHHHHHH-Hsp90(1-709) (45).
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Stokes radius of 1.83 10~ ? m and an apparent mass of 16 kDa,
assuming a globular protein. Data from sedimentation velocity
analysis conducted on Tah1 showed a single species with a sed-
imentation coefficient S, of 1.57 S (Table 2). This value is in
agreement with that of a monomer presenting a calculated fric-
tional ratio value (f/f,) of 1.33 (f/f, is 1.25 for a globular protein
(28)) and a calculated Stokes radius of 2.08 10~ m close to that
evaluated by gel filtration. Analysis of the diffusion coefficient
leading to an apparent molecular mass of 13 kDa also demon-
strated that Tahl is monomeric. Finally, to unambiguously
determine Tahl oligomerization state, noncovalent mass spec-
trometry experiments were conducted and revealed that Tahl
was present as a monomer with a measured molecular mass of
13,416 = 1 Da (expected mass of the full-length Tahl with
deletion of the N-terminal methionine residue is 13,416 Da, Fig.
2 and Table 3). Altogether these results obtained from a panel of
biophysical techniques led us to the conclusion that Tahl is
present in a rather elongated monomeric form, which is com-
mon for TRP-domain proteins (29).

Pihl-Tahl Forms a 1:1 Heterodimer—Gel filtration of the
purified Pih1-Tahl complex (expected mass of ~53 kDa for a
1:1 complex) yielded three peaks corresponding to apparent
molecular masses of 100, 52, and 16 kDa (Fig. 34). When ana-
lyzed by SDS-PAGE the first peak showed two bands corre-
sponding to Pih1 (~40 kDa) and Tahl (~13 kDa); the second
peak contained multiple low molecular mass bands and the
third, only one band around 13 kDa (Fig. 3B). We turned to
MALDI-TOF peptide mass fingerprinting analysis for protein
identification. As expected full-length Pihl and Tahl were
identified in the first gel filtration peak, while the third peak
only contained Tah1. In the second gel filtration peak, Tah1 was
identified in the 13 kDa region while the other low molecular
mass bands could be assigned to Pih1 degradation products as
similarly observed for Pihl purification. Again, the sequence
coverage of degraded Pih1 ranged at least from residue 186 to
the C terminus. Further ESI-MS experiments performed on the
first gel filtration peak in denaturing conditions confirmed the
presence of the two full-length proteins Tah1 (13,416.0 = 0.1

Da) and Pih1 (39,645.8 = 0.4 Da)
devoid of their N-terminal methio-

A B 18+ ,
kDa =% 100 % Pl 1r670.0:+04 e nine residue (see Table 1).
N 1<— Pin1-Hiss S APhL=i8156030a The stoichiometry of the Pihl-
30 -9 Tah1 complex (gel filtration peak 1)
20 mé % L was first investigated by analytical
Degraded 10+ 9 & ultracentrifugation using sedimen-
14 -0 Pih1-Hise 12+ A4 < v . . . .
p S l L tation velocity. The sedimentation
« , T VILLI ol i, coefficient distribution revealed the
1500 2000

FIGURE 1. Purification of Pih1. A, purified samples from the gel filtration were analyzed on a 18% SDS-PAGE.
Protein bands were identified by MALDI-TOF peptide mass fingerprinting. B, nanoESI-MS analysis in denatur-

ing conditions of Pih1-Hisg (8 um).

TABLE 2
Sedimentation characteristics of Tah1 and Pih1-Tah1 complex

presence of a single species with a
Sp0.w 0f 3.2 S (Table 2). This value is
compatible with a complex consis-

GF is for gel filtration. S, , is the sedimentation coefficient, f and f; are the friction coefficients and Ry is the Stokes radius.

Protein and concentration MW by MS MW by GF Rs by GF S0, Value® f/f, R,
M Da Da m cms-gﬂ m
Tahl (86) 13,416 16,000 1.83 X 107° 1.57 1.33 2.08 X 10°°
Pih1-Tahl (14) 39,6454 13,416 100,000 4.3 X107 3.2 1.57 391 X 10~°

“ The detected species were determined by sedimentation coefficient distribution c(S) analysis of the radial distributions using the Sedfit software (22).
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100,

% O Tah1=13416+1Da

m/z
1500 2500 3000 3500

FIGURE 2. Determination of Tah1 oligomeric state by noncovalent MS.
NanoESI mass spectra were obtained under nondenaturing conditions for
Tah1 (8 um). (Vc = 140 V; P, = 4 mbar).

2000

TABLE 3

Measured molecular weights in noncovalent conditions

Discrepancies between measured and theoretical MWs in nondenaturing con-
ditions can be explained by: (i) Hsp90 heterogeneity as observed in denaturing
conditions (see Table 1) and (ii) less efficient desolvation of Hsp90 high MW
complex in the mass spectrometer leading to peak broadening and less precise
mass measurements.

Measured
Mass in
Protein or Expected | noncovalent
Complex Mass conditions | Precision Binding
analyzed |Symbol (Da) (Da) (%) Stoichiometries | Figure
Tahl (o] 13416 13416 =1 <0.01 monomer Tahl 2
Pihl-Tahl |31 53061 | 53065+4 | <001 | 1:1Pihl-Tahl | 3C
complex
e — 8 31691 | 31695+2 | 001 | 1:1 APihl-Tahl \
complex .
be 30210 | 30211+1 | <001 |1:1Pihl,,,-Tahl
0 | 165437 | 16609236 | 0.40* | dimer (Hsp90),
HspR0/T5h] % | 178853 | 179556£31 | 0.40% | (Hsp90),/ Tahl | SA
complex
(Hsp90),/
*
W | 192269 | 19317545 | 047 (Tahl).
0 | 165437 | 166022+ 19| 035* | dimer (Hsp90),
Hsp90/Pih1- :
Tahl %) 218498 [ 21919338 | 032 * (HSP?);}/]P”‘I' 5B
complex a -
[ | 271560 | 272353238 | 029+ | (Hsp30)/ (Pl
Tahl),

ting of one Pih1 and one Tah1 molecule presenting a calculated
frictional ratio value (f/f,) of 1.57 and a calculated Stokes radius
of 3.9 10~? m which is close to the Stokes radius of 4.3 10~° m
evaluated by gel filtration and corresponding to a 100 kDa glob-
ular protein. Therefore, the complex behaved as a homogene-
ous elongated form which explains its high apparent molecular
mass found in gel filtration. The binding stoichiometry of the
Pih1-Tahl complex was also investigated by noncovalent mass
spectrometry. ESI mass spectra confirmed the presence of a
1:1 Pih1:Tahl complex with a measured molecular mass of
53,065 = 4 Da (expected mass of the complex 53 061 Da) in
addition to the free Tah1 (13,415 * 1 Da) and Pih1 (39,645 = 3
Da) proteins (Fig. 3C and Table 3).

Determination of a Minimal Pihl Region Necessary for the
Formation of a 1:1 Pihl-Tahl Complex—ESI-MS under dena-
turing conditions showed that the purified Pih1-His, degrades
into two main C-terminal products beginning either from res-
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FIGURE 3. Co-purification and stoichiometry of the Pih1-Tah1 complex.
A, gel filtration profile showing three elution peaks. B, 12% SDS-PAGE of gel
filtration elution peaks. Lane numbers correspond to the peak numbers in
panel A. Protein bands were identified by MALDI-TOF peptide mass finger-
printing. C, noncovalent mass spectrometry analysis of the Pih1-Tah1 com-
plex (first peak of the gel filtration in panel A). NanoESI mass spectra were
obtained under nondenaturing conditions for Pih1-Tah1 (8 um) (Vc = 120 V;
P, = 7 mbar). * represents the very minor ion series of (Pih1-Tah1),.

<7 Pih1mini - Tah1

O =30211+1Da
11+

8 8 APih1 - Tah1
0. =31695 + 2 Da
§-
% 11+ 12+ fi
8 8 26k 28k 34k 40k
0 M - m/Z
2750 3000 3250 3500

FIGURE 4. Determination of the APih1-Tah1 binding stoichiometry by
noncovalent MS. NanoESI mass spectra were obtained under nondenatur-
ing conditions for APih1-Tah1 (24 um) (Vc = 120 V; P; = 7 mbar). Insets corre-
spond to deconvoluted ESI mass spectra.

idue 186 or 199. The MALDI-TOF peptide mass fingerprinting
analysis revealed a similar Pih1 degradation product (186-Cter),
which co-elutes with Tahl and which is thus responsible for
interaction with Tah1. After the identification of this minimal
Tahl binding region within Pih1 (186-Cter), called APih1, we
cloned APihI-tahl into the pKHS vector and co-purified this
truncated complex in which the His, tag on Tah1l was cleaved.
The unique gel filtration peak was analyzed by ESI-MS under
denaturing conditions (data not shown) and confirmed the
presence of the full-length protein Tah1 without its N-terminal
methionine residue and with 8 additional residues at the C ter-
minus (13,319.3 = 0.4 Da, expected 13,318.9 Da) and the trun-
cated form of Pih1 (18,372.5 = 0.1 Da, expected 18,372.8 Da)
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Stoichiometries—Previously  pub-
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Hsp90 stoichiometry and to deter-
mine the stoichiometry of the Pih1-
Tah1/Hsp90 complex, noncovalent
mass spectrometry was employed.
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increasing concentrations of either
Tah1 or Pih1-Tahl (Fig. 5, A and B,
respectively and Table 3). In ab-
sence of any binding protein part-
ner, Hsp90 is detected as a dimer
(166,092 * 36 Da and 166,022 * 19
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180K 200k Da, expected 165,437 Da, Fig. 5, A
and B, panel 1 and Table 3). When
increasing amounts of Tahl are
added, an ion series corresponding
to a 1:2 Tahl:Hsp90 complex first
appears (179,556 * 31 Da, expected
178,853 Da, Fig. 5A, panel 2 and

" Table 3). With a 4-fold Tah1 excess,
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m
2k 280K the equilibrium is displaced toward
the formation of a 2:2 Tah1:Hsp90
(193,175 = 45 Da expected 192,269
Da, Fig. 5A, panel 3 and Table 3),
which is in agreement with results
obtained from microcalorimetry

(Hsp90)2 / Pih1-Tah1
=219193 + 38 Da
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Similarly, in the presence of
=272 353 + 38 Da increasing amounts of Pih1l-Tahl
complex, species corresponding to
%? 1:1:2 (219,193 = 38 Da, expected

I 218,498 Da) and 2:2:2 Pih1-Tahl/

T

6000 6500 7000 7500 8000 8500 160k

FIGURE 5. Determination of Tah1/Hsp90 and Pih1-Tah1/Hsp90 binding stoichiometries by noncovalent
MS. A, nanoESI mass spectra were obtained under nondenaturing conditions for Hsp90 (4 wm) alone (7) and in
the presence of 8 um Tah1 (2) or 16 um Tah1 (3) (Vc = 180 V; P, = 6.5 mbar). Insets correspond to deconvoluted
ESI mass spectra. B, nanoESI mass spectra were obtained under nondenaturing conditions for Hsp90 (4 um)
alone (7) andin the presence of 4 um Pih1-Tah1 (2) or 8 um Pih1-Tah1 (3) (Vc = 180 V; P, = 7 mbar).*
to Pih1 signal and [] to slight fragmentation of Hsp90 dimer because of the high Vc value necessary for ion
transmission of complexes. Peaks resulting from two species are bicolored. Insets correspond to deconvoluted

ESI mass spectra.

(Table 1). Interestingly, a shorter form of Pih1 with a molecular
mass 0f 16,891.6 + 0.4 Da was also identified. This corresponds
to the shorter fragment of degraded purified Pih1 (199-C-ter)
now called Pih1,; ; (expected 16,891.1 Da) (Table 1). Notably,
this fragment seems to be stable and still interacts with Tah1, as
deduced from noncovalent MS analysis of the APih1l-Tahl
preparation where both 1:1 APihl:Tahl (31,695 * 2 Da,
expected 31 691 Da) and 1:1 Pihl_; :Tahl (30,211 = 1 Da,
expected 30,210 Da) were detected (Fig. 4 and Table 3). There-
fore, the region from amino acid 199 to the C terminus of Pih1
is still sufficient for Tah1 binding.

OCTOBER 8, 2010+VOLUME 285+NUMBER 41

Hsp90 (272,353 =+ 38 Da, expected
271,560 Da) ternary complexes
were observed (Fig. 5B, panels 2 and
3 and Table 3). Therefore a Pihl-
Tahl heterodimer can bind to a
monomer of Hsp90. The same
results were obtained with the trun-
cated APih1-Tahl in the presence
of Hsp90 (see supplemental Fig. S2).
Four ternary complexes were observed: 1:1:2 and 2:2:2 for
APih1-Tah1/Hsp90 and Pih1,; ;-Tahl/Hsp90 assemblies.
Thermodynamics of the Interactions between Tahl or Pihl-
Tahl and Hsp90 at 20 °C—The dissociation constant (K ;) and
the stoichiometry (N) values between Tahl or Pih1-Tahl and
Hsp90 were determined using isothermal titration calorimetry
(Fig. 6). The mean K, values were similar, 1.3 um for Tah1l and
1.6 uMm for Pih1-Tahl. The micromolar range observed here is
in line with the values found for other Hsp90 cochaperones (18,
30-33). The determined stoichiometry was close to one for
both Pih1-Tahl and Tahl, implying that a monomer of Tah1 or

m
200k 240k 280k

corresponds
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ones tends to grow as well. Some of
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late specifically the Hsp90-client
protein interaction. To characterize
the role of the Pihl and Tahl
cochaperones, we developed a poly-
cistronic expression system (pKHS)
to overcome inherent Pih1 instabil-
ity and we successfully produced a
stable Pih1-Tah1 complex. We were
4 thusable to examine the interaction

T and action of both Tahl and the
Pih1-Tahl complex on Hsp90. Ana-
lytical ultracentrifugation, micro-
calorimetry, and noncovalent mass
spectrometry were all in agreement
1 inthedetermination of the Pih1l and
Tahl oligomerization state and
binding stoichiometry to Hsp90.
Tahl is a monomeric cochaperone
and forms a heterodimeric complex
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FIGURE 6.ITC of Tah1 and Pih1-Tah1 complex binding to Hsp90. ITC data obtained by injecting Hsp90 into
A, Tah1 and B, Pih1-Tah1. Lower panels show the fit to the binding curve with the resulting affinities (K,) and
stoichiometries (N). Both Tah1 and Pih1-Tah1 bind Hsp90 with similar affinities (K, of 1.6 um and 1.3 um,

respectively).

a heterodimer of Pih1-Tahl can bind to a monomer of Hsp90.
Both the Pih1-Tahl complex and Tahl also displayed signifi-
cant affinity toward Hsp90 MC, which lacks the N-terminal
domain and the linker region (data not shown) confirming that
the C-terminal moiety of Hsp90 is responsible for Tahl and
Pih1-Tahl binding.

Regulation of Hsp90 ATPase Activity—We tested weather the
Pih1-Tahl complex could regulate the ATPase activity of
Hsp90 and we observed that in the concentration range used,
Pih1-Tahl inhibited the ATPase activity of 5 um Hsp90 in a
concentration-dependent manner, reaching ~25% inhibition
at 20 uM (Fig. 7A). Further concentrated Pih1-Tahl complex
could not be used in the assay, as it tended to precipitate and
interfered with the measurement. An unrelated control protein
complex failed to inhibit the Hsp90 ATPase (Fig. 7C), whereas
the Pih1-Tahl complex had no effect on the activity of the
Hsp70 chaperone (Fig. 7D), showing that the observed inhibi-
tion was specific. Pih1 appeared responsible for this inhibition
as Tah1 alone weakly stimulated the ATPase activity of Hsp90
as previously described (18) and confirmed here (Fig. 7B). The
APih1-Tahl complex formed with a N-terminal-truncated
Pih1 was also an inhibitor of Hsp90 ATPase activity although to
a lower extent (Fig. 7B).

DISCUSSION

Hsp90 action on client proteins takes place within dynamic
multiprotein complexes with a variety of cochaperones whose
biological roles in client activation and chaperone machinery
regulation remain largely unexplored. Furthermore, as new
Hsp90 client proteins are discovered the number of cochaper-
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with Pihl with a 1:1 stoichiometry.
Both Tahl and Pih1-Tahl can bind
to a subunit of Hsp90 as previously
observed for Tahl (18) thus two
Tahl-Pihl cochaperone hetero-
dimers can bind to a dimer of
Hsp90. A 1:1:2 Pih1-Tah1/Hsp90
complex was also observed in noncovalent MS experiment.
Because Hsp90 expression level is generally much higher than
that of its cochaperone (34), asymmetric binding of one Pih1-
Tah1 heterodimer per Hsp90 dimer cannot be ruled out. Such
an asymmetry has been observed for the cochaperone Ahal
that binds preferentially as a monomer in vivo (35). Interest-
ingly, Pih1 alone and in complex with Tah1 undergoes a similar
degradation of its N-terminal region during its purification.
This allowed us to map the protein interaction region of Pih1 to
Tah1l. Based on previous work by Zhao et al. (14) and on our
new data, we can propose a putative protein interaction model
for Pih1, Tah1l, and Hsp90 (Fig. 8). The Tah1-C-terminal region
(residues 76 —-111) and Pih1,, ; (residues 199 -344) are suffi-
cient to interact with each other. As the C-terminal region of
Tahl in addition to its TRP domain are required for interaction
with the C-terminal domain of Hsp90 (14), binding of Pih1 to
Tahl positions the C-terminal domain of the three proteins in
close vicinity to each other (Fig. 8).

We also investigated the ability of Pih1-Tahl to regulate the
Hsp90 ATPase activity. Tah1 was previously shown to induce a
slight stimulation on Hsp90 (18). Although this stimulation was
confirmed in our study, we showed that the addition of the
Pih1-Tahl complex resulted in the inhibition of Hsp90
ATPase. Furthermore, the APih1-Tah1 complex conserves the
ability to inhibit Hsp90 indicating that the C-terminal moiety of
Pih1 is sufficient for this activity. This inhibition reached ~25%
at 20 um of the cochaperone complex, corresponding in our
assay to 4X molar excess of Pih1-Tah1l over Hsp90. We cannot
rule out a dissociation of the Pih1-Tah1 complex upon its dilu-
tion during the measurement that could result in lower inhibi-
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containing the Tahl TPR-domain
binding motif, in the Hsp90 inhibi-
tion assay partially rescue Hsp90
basal activity (data not shown),
indicating that Tahl binding is
essential for the Pih1-Tahl activity
on Hsp90.

ATP hydrolysis was shown to
trigger client protein release from
Hsp90 (36) and cochaperones that
inhibit Hsp90 ATPase such as
Cdc37 and Stil/Hop are thought to
facilitate client loading onto Hsp90
(31, 37). The mechanism of this
coupled client loading and ATPase
inhibition has been best character-
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FIGURE 7. Antagonist effect of Pih1-Tah1 and Tah1 on Hsp90 ATPase activity. A, ATPase activity of 5 um
Hsp90 in the presence of an increasing amount of the Pih1-Tah1 complex. B, differential effect of 20 um of
Pih1-Tah1, APih1-Tah1, or Tah1 on the ATPase activity of 5 um Hsp90. C, effect of 20 um of the unrelated
AGT-gp45 complex on the ATPase activity of 5 um Hsp90. D, effect of 20 um of Pih1-Tah1 complex on the
ATPase activity of 2 um Hsp70. Data are averages of three to six repeated measurements, and error bars refer to
standard deviations. * indicates statistical significance of the difference between the average of that experi-
ment with the average of the control in absence of cochaperones as assessed by a t test (p < 0.05).

tion rates, since Tah1 alone activates Hsp90 ATPase. However,
similar Hsp90 inhibition rates were observed for the kinase spe-
cific yeast cochaperone Cdc37 where ~30 um of cochaperone
was needed to exert ~20% inhibition (31).

Our data demonstrated that both Pih1-Tahl and Tah1 dis-
played similar affinity toward Hsp90 suggesting that Pih1-
Hsp90 interaction is likely very weak in line with the pull-down
assays showing no significant binding between both purified
Hsp90 and Pih1 (14). Therefore, we propose that Tah1 serves as
a primary anchor to Hsp90 while Pih1 binding is involved in the
ATPase down-regulation. Indeed, addition of a large excess of
the Hsp90 C-terminal nine residues peptide (ADTEMEEVD),

AV N
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Hsp90 inhibition by geldanamycin
results in decreased levels of newly
synthesized RNPs (U4, telomerase,
etc) and in loss of several core RNP
proteins such as 15.5K and Nop58
(17). The cochaperone Pih1 can also
directly interact with these core
proteins (14, 15, 17, 42). These observations together with our
finding of the inhibitory effect of the Pih1-Tahl complex on
Hsp90 ATPase, which is thought to facilitate client binding,
suggest that the Pih1-Tah1 cochaperone could act as a platform
for the recruitment and loading of client proteins involved in
RNP assembly onto the Hsp90 chaperone.

The RuvB-like proteins Rvb1 and Rvb2 have been shown to
associate with Pihl and Tahl in the so-called R2TP complex
(11). Because Rvb1 and Rvb2 have similarities with AAA+ heli-
cases and present coupled ATPase and unwinding activities
(43) it is tempting to imagine that Rvb1/Rvb2 could cooperate
with the Hsp90-Tah1-Pih1 machinery and act on the remodel-
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Tah1

FIGURE 8. A protein interaction model for Pih1, Tah1, and Hsp90. Tah1
binds the C-terminal domain of Hsp90 (C, green) through its TPR domain (TPR,
blue) and the Pih1 C-terminal domain (Pih1 C, gray) through its C-terminal
part. To explain the observed Hsp90 ATPase inhibition by the Pih1-Tah1 com-
plex, we propose that Pih1 anchored to the Hsp90 C domain through Tah1
also binds to the Hsp90 middle domain (M, orange) to lock the hinge (red)
between Hsp90 M and C domains in an open conformation. This would pre-
clude Hsp90 N domain dimerization and facilitate client binding.

ing of RNA moiety of RNPs during their assembly. Alterna-
tively, the Hsp90-Tah1-Pih1 machinery could be necessary for
the Rvb1/Rvb2 oligomeric association and/or dissociation dur-
ing RNP maturation (44).
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